Common neurodegenerative diseases feature progressive accumulation of disease-specific protein aggregates in selectively vulnerable brain regions. Increasing experimental evidence suggests that misfolded disease proteins exhibit prion-like properties, including the ability to seed corruptive templating and self-propagation along axons. Direct evidence for transneuronal spread in patients, however, remains limited. To test predictions made by the transneuronal spread hypothesis in human tissues, we asked whether tau deposition within axons of the corticospinal and corticopontine pathways can be predicted based on clinical syndromes and cortical atrophy patterns seen in frontotemporal lobar degeneration (FTLD). Sixteen patients with Pick's disease, 21 with corticobasal degeneration, and 3 with FTLD-MAPT were included, spanning a range of clinical syndromes across the frontotemporal dementia (FTD) spectrum. Cortical involvement was measured using a neurodegeneration score, a tau score, and a composite score based on semiquantitative ratings and complemented by an MRI-based cortical atrophy W-map based on antemortem imaging. Midbrain cerebral peduncle and pontine base descending fibers were divided into three subregions, representing prefrontopontine, corticospinal, and parieto-temporo-occipital fiber pathways. Tau area fraction was calculated in each subregion and related to clinical syndrome and cortical measures. Within each clinical syndrome, there were predicted relationships between cortical atrophy patterns and axonal tau deposition in midbrain cerebral peduncle and pontine base. Between syndromes, contrasting and predictable patterns of brainstem axonal tau deposition emerged, with, for example, greater tau in prefrontopontine fibers in behavioral variant FTD and in corticospinal fibers in corticobasal syndrome. Finally, semiquantitative and quantitative cortical degeneration scores predicted brainstem axonal tau deposition based on anatomical principles. Taken together, these findings provide important human evidence in support of axonal tau spreading in patients with specific forms of tau-related neurodegeneration.
Introduction
Major neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), and frontotemporal dementia (FTD), feature progressive accumulation of disease-specific protein aggregates in selectively vulnerable brain regions. In prion diseases related to PrP protein, the normal cellular protein (PrP c ) is converted to a misfolded pathogenic form (PrP sc ), which propagates through the recruitment and exponential conversion of PrP c into PrP sc [48] . This prion-based amplification process results in trans-synaptic spreading, and increasing experimental evidence suggests that the misfolded disease proteins in a broader spectrum of neurodegenerative diseases, including β-amyloid (Aβ), tau, α-synuclein, and TAR DNA-binding protein of 43 kDa (TDP-43), exhibit prion-like properties, including the ability to undergo corruptive templating and to propagate along axonal connections [1, 18, 22, 41, 47] . Spreading tau aggregation, for example, can be induced in 1 3 tau-transgenic mice by the intracerebral injection of brain homogenate from transgenic mice harboring the MAPT P301S mutation or human brain tissue from patients with tauopathy [3, 12, 24, 28, 30] . In living patients, evidence for transneuronal spread has come from studies relating patterns of neurodegeneration to functional [21, 63, 72] and structural [50] network connectivity. These studies, while most consistent with a transneuronal spread model, provide only indirect evidence for spread of disease proteins along axonal pathways.
Direct microscopic evidence for transneuronal disease protein spreading remains limited in humans. The hierarchical distribution of protein deposits in AD and PD, as reflected in the staging schemes put forth by Braak et al. [4, 5] , suggests the possibility of spreading, but there have been few systematic human studies that relate disease protein aggregation in neurons to the presence of aggregated tau in distal axons known to emanate from those neurons based on clear-cut neuroanatomical principles [49] .
To test predictions made by the transneuronal spread hypothesis in human tissues, we evaluated whether tau pathology spreads along the corticospinal and corticopontine pathways in frontotemporal lobar degeneration with tau-immunoreactive inclusions (FTLD-tau). We focused on Pick's disease (PiD), corticobasal degeneration (CBD), and FTLD-tau with MAPT pathogenic variants (FTLDtau/MAPT), because these disorders are most likely to arise in the cerebral cortex before spreading to the brainstem in later stages [34, 42, 69] . PiD, CBD, and FTLD-tau/MAPT can each present with the behavioral variant of frontotemporal dementia (bvFTD), primary progressive aphasia (PPA), corticobasal syndrome (CBS), or, rarely, progressive supranuclear palsy syndrome (PSP-S, also known as Richardson syndrome, PSP-RS) [23, 35, 37, 46, 52] . We asked whether, across these anatomically distinctive syndromes, cerebral cortical degeneration topography could predict axonal tau deposition topography within the midbrain cerebral peduncle and descending pontine fiber tracts based on the wellknown topographical organization of the corticospinal and corticopontine pathways.
Materials and methods

Subject selection
From 437 patients autopsied at the University of California, San Francisco (UCSF) Neurodegenerative Disease Brain Bank (NDBB) between 2004 and 2017, we included those in whom PiD, CBD, or FTLD-tau/MAPT was the primary pathological diagnosis. Patients were excluded if they had: (1) no semiquantitative neuropathological assessment, which began in 2008, (2) Braak neurofibrillary tangle stage > 3 [4] , (3) Alzheimer's disease neuropathological change (ADNC) > intermediate [27] , (4) Lewy body disease (LBD) > brainstem predominant [38] , (5) TDP-43 pathology beyond the limbic structures [2] , (6) major territorial ischemic infarcts or intracranial hemorrhages in the hemisphere analyzed, or (7) neither midbrain nor pons tissue blocks available for study. Based on these stringent criteria, 16 patients with PiD, 21 with CBD, and 3 with FTLDtau/MAPT (P301L) were included. More specifically, after excluding cases with damaged midbrain and pons materials, 12 PiD, 13 CBD, and 3 FTLD-tau/MAPT sections remained for the midbrain analysis and 15 PiD, 21 CBD, and 3 FTLDtau/MAPT sections remained for the pons analysis (Supplementary Figure, Online resource; Table 1 ). All patients underwent an extensive dementia-oriented postmortem assessment at UCSF following previous approaches [43, 66] .
All patients had undergone neurological evaluation, including extensive neuropsychological assessment and neuroimaging, at least once, at the UCSF Memory and Aging Center. Clinical diagnoses were rendered according to published research criteria for bvFTD [46, 52] , PPA [semantic variant PPA (svPPA) and nonfluent/agrammatic variant PPA (nfvPPA)] [23] , PSP-RS [35] , and probable AD dementia, the latter mentioned here, because one patient with PiD was diagnosed with AD-type dementia (probable AD) during life [39, 40] . Subject demographics, as well as clinical and neuropathological data, are provided in Table 1 .
Corticospinal and corticopontine pathway
The corticospinal tract consists of all axonal fibers that arise from neurons in the deeper part of layer 5 in the primary motor area (area 4), the premotor area (area 6), the postcentral gyrus (area 3a, 3b, 1, and 2), and the adjacent parietal cortex (area 5). This tract passes through the medullary pyramid. About 90% of the corticospinal tract crosses at the junction of medullar and spinal cord to form the lateral corticospinal tract. Approximately 8% of the uncrossed fibers form the anterior corticospinal tract and the remaining uncrossed fibers descend into the uncrossed lateral corticospinal tract [9] . The corticopontine fibers arise chiefly from layer 5 pyramidal cells within the frontal, parietal, temporal, and occipital cortices, descend without crossing, and terminate at the pontine nuclei [9] . Although PiD is known to target layers 2 and 6, it also heavily affects layer 5, as does CBD [26, 31] . Tau-positive ballooned neurons in PiD and CBD in fact chiefly occupy layer 5. Corticospinal and corticopontine fibers are topographically organized in the cerebral peduncle and rostral pons. In the cerebral peduncle, the corticospinal fibers occupy approximately the middle third of each crus, the prefrontopontine fibers occupy the medial third, and the parieto-temporooccipital (PTO) fibers occupy the lateral third [53, 65] . In the rostral pons, the corticospinal 
Assessment of cerebral cortical degeneration
Cerebral cortical degeneration was rated using a neurodegeneration score, a tau score, and a composite (neurodegeneration and tau) score, each based on the semiquantitative neuropathological assessment. Eight micron-thick sections from the frontal pole, anterior orbital gyrus, anterior cingulate cortex, middle frontal gyrus, inferior frontal gyrus, subgenual cingulate cortex, inferior temporal gyrus, superior frontal sulcus, entorhinal cortex, superior/middle temporal gyrus, pre/postcentral gyrus, angular gyrus, posterior cingulate cortex, and calcarine cortex were prospectively examined by an experienced investigator (WWS, LTG, or SS). The neurodegeneration, tau, and composite scores were calculated using the following grading system:
1. The Neurodegeneration score (range 0-6) was the mean of the vacuolation and gliosis scores plus the neuronal loss score. Vacuolation, gliosis, and neuronal loss were scored in each section stained with H&E using a three-point grading: none = 0; mild = 1; moderate = 2; severe = 3. 2. For the Tau score (range 0-3), tau-positive inclusions consisted of Pick bodies, astrocytic plaques, thorny astrocytes, tufted astrocytes, neurofibrillary tangles (NFTs), globose tangles (GTs), neuronal cytoplasmic inclusions (NCIs), and other glial cytoplasmic inclusions (GCIs) were counted in the most severely affected 100X microscopic field using the following grading: none = 0; 1-5 inclusions per section = 1; 6-14 inclusions per section = 2; ≥ 15 inclusions per section = 3. The burden of tau gray matter threads (GMTs) or white matter threads (WMTs) was separately graded on an ordinal scale: none = 0; mild = 1; moderate = 2; severe = 3. Each tauopathy has characteristic morphological features. Therefore, the tau score was the mean score among these tau elements (PiD: Pick bodies, NCIs, GCIs, GMTs, WMTs; CBD: astrocytic plaques, thorny astrocytes, tufted astrocytes, NCIs, GCIs, GMTs, WMTs; FTLDtau/MAPT mutation: NFTs, GTs, thorny astrocytes, tufted astrocytes, NCIs, GCIs, GMTs, WMTs). Although the focus of the study is transneuronal spreading of tau, we included both neuronal and glial measures in our red: parieto-temporooccipital pathway) and organization of midbrain cerebral peduncle and basal pontine fibers. Illustrative cases highlighting the relationship between cortical atrophy and brainstem tau deposition patterns in bvFTD and CBS are shown to the right regional tau scores, because, in our experience, the combined measures provide the most useful index of overall regional tau burden. Neuron-only composite measures in our database tend to exhibit less dynamic range and may suffer from ceiling and floor effects. Nonetheless, to ensure that the regional tau burden correlations were not overly influenced by non-neuronal measures, we repeated our main analyses based on the neuron-only measures (Pick bodies, NCIs, GMTs, NFTs, and GTs) and noted any discrepancies with the main results. 3. The Composite score was the sum of the neurodegeneration score and the tau score (range 0-9).
The cerebral cortex was partitioned into three broad region groups: frontal, rolandic/perirolandic, and PTO regions, corresponding to the brainstem topography. The regions of interests (ROIs) falling in these broad territories were grouped as follows: Frontal group = frontal pole, anterior orbital gyrus, anterior cingulate cortex, middle frontal gyrus, inferior frontal gyrus, subgenual cingulate cortex, superior frontal sulcus; rolandic/perirolandic group = precentral gyrus, postcentral gyrus; PTO group = inferior temporal gyrus, entorhinal cortex, superior/middle temporal gyrus, angular gyrus, posterior cingulate cortex, and calcarine cortex. The regional group score was calculated as the mean among regions in the group. Therefore, each case had three subregional (frontal, rolandic/perirolandic, and PTO) scores for each measure (neurodegeneration, tau burden, and composite, Table 2 ).
Assessment of cortical atrophy
Thirty-three out of the forty total patients underwent antemortem structural magnetic resonance imaging (MRI) with a 1.5 or 3 T scanner. If a subject had more than one MRI, then the MRI obtained closest to death was selected. The mean interval from MRI to death was 3.0 ± 2.9 years. Structural T1-weighted images were preprocessed for voxel-based morphometry (VBM) in statistical parametric mapping (SPM) 12 using the segment program with default parameters for bias regularization, tissue-type segmentation, and normalization, aligning to the SPM default healthy adult tissue probability maps. Tissue segmentation maps were then smoothed with an 8 mm Gaussian kernel. Next, focusing on brain regions sampled in the UCSF NDBB, we generated a W score map for each patient compared to 288 clinically normal controls. Specifically, to assess imaging-pathology correlations at the single subject level in each of the 27 histological ROIs ( Supplementary Table, Online resource), we used a standardized algorithm for identifying the imaging ROI that best matched our standard neuropathological dissections, similar to previous approaches [51] . To create a standard set of ROIs for this and future studies, we elected to use the Human Brainnetome Atlas, a validated connectivitybased parcellation atlas composed of 210 cortical and 36 subcortical brain regions, classified by means of noninvasive multimodal structural, task-free functional, and diffusion MRI methods [20] . This atlas does not contain parcels for the cerebellum and the brainstem; therefore, dentate nucleus, substantia nigra, and tectum ROIs were manually drawn on the MNI T1 template using MRIcron mirroring our standard blocking protocol [54] . To select Brainnetome parcels that best matched our remaining standard histological dissections, we first used MRIcron to manually draw MNI T1 template ROIs mirroring our standard dissections. We then assigned each drawn ROI to the Brainnetome parcel with the highest voxel overlap in MNI space. Fifteen drawn ROIs were uniquely assigned to a single Brainnetome parcel. Drawn ROIs covering amygdala, superior/middle temporal gyrus, thalamus, calcarine cortex, and entorhinal cortex were better represented by combining 2-3 Brainnetome parcels each to cover the entire volume of the region assessed neuropathologically ( Supplementary Table, Online resource). Suitable Brainnetome parcels matching the standard dissections of the frontal pole, globus pallidus, and subthalamic nucleus were not available; therefore, for these regions, we used the drawn ROI parcels. Drawn ROI parcels were also used for the dentate nucleus, substantia nigra, tectum, and periaqueductal gray, which are not represented in the Brainnetome atlas. The substantia nigra ROI included the entire extent of the nuclei bilaterally. The final list of Brainnetome parcels corresponding to brain ROIs is provided in the Supplementary Table, Online resource. Once all ROIs were chosen, we extracted the meanW score for each regionof-interest (i.e., parcel) from the left and right hemisphere for every subject, using methods previously described [32] . The W score map of each subject was first downsampled to a 2-mm voxel resolution to match the resolution of the parcels. The program fslstats from FSL 5.0.9 was then used to calculate the mean W score for each parcel by taking the sum of the values of all non-zero voxels within the parcel and dividing it by the number of non-zero voxels within the parcel. To calculate the regional (frontal, rolandic/perirolandic, and PTO) atrophy scores, we averaged the mean W scores for each parcel within a group, with parcels grouped in the same manner used to assess cerebral cortical degeneration.
Assessment of brainstem corticospinal and corticopontine tract tau pathological burden
First, 10-μm-thick midbrain and pons sections were stained for hyperphosphorylated tau (CP-13 antibody, courtesy of Peter Davies) without counterstaining. A total of 67 sections were assigned to one of three consecutive tau immunostaining runs, with a 1-month interval between runs (first run, 26 sections; second run, 37 sections; third run, 4 sections). We originally designed the study with only FTLD-tau pathology presenting as bvFTD and CBS (first run). Then, we expanded the initial subject population to FTLD-tau presenting with any clinical syndrome and included newly autopsied bvFTD and CBS subjects (second run). Finally, we added a few more patients newly autopsied within the period of study (third run). Five randomly selected cases from the first run had adjacent (serial) midbrain sections stained in the second run. The intraclass correlation coefficient (absolute agreement model) was 0.979 (95% CI 0.822-0.998, p = 0.002) between tau area fractions (%) from batch 1 and batch 2 sections. We did not examine batch effects between runs 2 and 3, because we were not expecting to include a third run, which was small (4 sections) and added to allow us to incorporate a few additional subjects who became eligible after study launch. Next, all stained sections were scanned using a 10 × objective on a Zeiss Axioscan slide scanner. Color CZI images were converted to 8-bit greyscale TIF images for analysis in Image J. ROIs were drawn, using Image J, around the cerebral peduncle or pontine fibers ipsilateral to the side assessed for neuropathological diagnosis, typically the more affected hemisphere. In eight cases, the ipsilateral cerebral peduncle was not usable, and in two cases, the ipsilateral pons was not usable due to tissue damage, so the contralateral side was used. The midbrain cerebral peduncle was divided into three portions (prefrontopontine fibers, M1; corticospinal fibers, M2; PTO fibers, M3) of equal horizontal dimensions based on a line connecting the most medial and lateral points of the peduncle (Fig. 2a) , following previous approaches used to subdivide the corpus callosum [70] . The drawing of ROIs for the pontine fibers was based on several atlases or studies regarding the organization of the corticopontine fibers, showing the position, in the axial plane, of the prefrontopontine fibers (P1), the corticospinal fibers (P2), and the PTO-pontine fibers (P3), which follow a medial-to-lateral topography [15, 25, 44, 67] . In contrast to which were transposed into black and white images (b, middle). After adjusting the Yen algorithm to a threshold (a, right; b, right), the tau area fraction (%) for each of ROI was obtained. High magnification views of asterisk in a, b show that the tau staining within the midbrain (c) and pontine (d) ROIs appears as predominantly small dotlike structures, suggesting axially cut descending axons. In general, the degree of staining within potentially non-axonal structures was correlated with the degree of axonal tau staining the cerebral peduncle ROIs, pontine fiber ROIs were drawn based on darkfield images, which allowed for enhanced visualization of the fiber pathways (Fig. 2b) . The tau area fraction (%) for each ROI was derived after thresholding tuned to our staining characteristics in traced regions using the Yen algorithm. Unlike the singular M1, M2, and M3 ROIs, each P1, P2, or P3 ROI was composed of multiple ROIs (Fig. 2b) . Thus, the tau area fraction (%) for P1, P2, and P3 was calculated by dividing the summed total tau-positive pixels across all P1, P2, or P3 ROIs by the summed total areas within P1, P2, or P3. All of these procedures were carried out by a single examiner, who was blind to clinical and pathological diagnoses.
Statistical analysis
Friedman's ANOVA test and the Wilcoxon test were used to compare the tau area fractions within each ROI according to the clinical syndromes, bvFTD and CBS. The Mann-Whiney U test and Fisher's exact test were used to compare the rank order of three of the cerebral peduncle or pontine fiber ROIs between bvFTD and CBS. Because cortical tau, neurodegeneration, and composite scores were originally obtained using an ordinal scale, and were highly variable between subjects, the raw or rank values between subjects did not show a linear correlation. Therefore, correlations between the rank orders among the indices of cortical degeneration in each anatomical region (frontal, rolandic/perirolandic, or PTO region) and tau pathology in the three subregions of midbrain cerebral peduncle and basal pontine descending fibers were assessed with Spearman's rank-order correlation statistic. Statistical analysis was performed using SPSS 23. A value of p < 0.05, two-tailed, was considered significant. Figure 1 illustrates the association between cortical atrophy patterns and tau deposition in the midbrain cerebral peduncle and pontine descending fibers in each clinical syndrome. For bvFTD, given its known pattern of frontal-predominant degeneration, the transneuronal framework predicts that pathological tau originating within frontal subcerebral projection neurons will propagate along prefrontopontine axonal fibers, which are localized in the medial portions of the cerebral peduncle and pons. Indeed, in bvFTD, the most prominent axonal phospho-tau deposition was identified in these regions. Likewise, in CBS, a perirolandic syndrome targeting the primary motor and somatosensory cortices, we observed tau deposition in axons comprising the middle portions of the cerebral peduncle and pons. In bvFTD due to FTLD-tau/MAPT, which features severe frontal and temporal atrophy, profound tau deposition was observed in both posterolateral and medial portions of the cerebral peduncle and pontine descending fibers ( Fig. 1) .
Results
Clinical syndrome predicts brainstem axonal tau deposition topography
To quantify these observations and formally test the predictions made by the transneuronal spreading model, we first investigated whether tau area fraction differed in the M1, M2, and M3 areas within clinical syndromes, focusing on bvFTD and CBS in light of their suitable sample sizes and clear-cut anatomical predictions.
Consistent with our predictions, in bvFTD, axonal tau fraction significantly differed among the M1, M2, and M3 areas (Friedman test, χ 2 = 18.14, df = 2, p < 0.001). Post hoc analysis confirmed that tau area fraction was significantly greater in M1 than in the M2 or M3 areas, whereas M2 and M3 did not differ (M1 vs. M2, p = 0.001; M1 vs. M3, p = 0.001; M2 vs. M3, p = 0.594). In CBS, there was a trend towards an overall difference in tau area fraction between the M1, M2, and M3 areas (Friedman test, χ 2 = 5.2, df = 2, p = 0.074). Post hoc pairwise comparisons revealed a significant difference in tau area fraction between the M2 and M3 ROIs (M1 vs M2, p = 0.225; M1 vs M3, p = 0.893; M2 vs M3, p = 0.043). Results for the descending pontine fibers were similar. In bvFTD, there was significant difference among tau area fractions in the P1, P2, and P3 areas (Friedman test, χ 2 = 13, df = 2, p = 0.002). Post hoc analysis demonstrated greater tau area fraction in P1 than in P2 and P3 ROIs, with a trend towards a greater tau burden in P3 than P2 ROIs (P1 vs P2, p = 0.001; P1 vs P3, p = 0.030; P2 vs P3, p = 0.064). In CBS, however, there were no significant differences in the tau area fraction among P1, P2, and P3 ROIs (Friedman test, χ 2 = 0.182, df = 2, p = 0.913), perhaps because the pons was largely spared of axonal tau deposition ( Fig. 3a, b ).
Next, we asked whether the axonal phospho-tau deposition within each midbrain and pons subregion differed between clinical syndromes. Due to the significant betweensubject variability in overall tau burden, and because our hypotheses pertained to the relative but not absolute involvement of the different midbrain and pons subregions, for these analyses, we ranked subregions within subjects and compared ranks for each subregion between clinical syndromes. Consistent with our hypotheses, ranks of tau area fraction in M1 and M2 differed between bvFTD and CBS, whereas the M3 ROI did not (M1, U = 8.5, p = 0.001; M2, U = 5.5, p = 0.004; M3, U = 29.0, p = 0.521). Tau area fraction in M1 ranked highest in bvFTD, but in CBS, M2 tau fraction ranked highest. In other words, although tau area fraction in M1, M2, and M3 did not differ statistically in CBS (Fig. 3b) , the rank of the M2 tau in CBS was higher than in bvFTD, consistent with our hypotheses (Fig. 3c ). In the descending pontine fibers, tau area fraction in P2 was higher than in the other ROIs in CBS and in bvFTD (P1, U = 47.0, p = 0.053; P2, U = 34.0, p = 0.010; P3, U = 75.5, p = 0.930) (Fig. 3d) .
Although the PPA, PSP-RS, and AD-type dementia syndromic groups were too small to afford statistical comparisons, each was associated with a predictable pattern of axonal tau deposition in the brainstem (Fig. 4 ). The nfvPPA (2 PiD, 2 CBD) and the PSP-RS groups (3 CBD), each had the most tau in M1, reflecting their frontal-predominant topography [10, 33, 56] , whereas in svPPA (1 PiD, 1CBD), tau was concentrated in M3, reflecting its temporal-predominant pattern. Likewise, nfvPPA (4 PiD, 3 CBD) and PSP-RS (3 CBD) had the greatest amount of tau in the P1 area, whereas in the one patient with an AD-type (temporal/ parietal-predominant) dementia due to underlying PiD, the greatest tau burden was observed in the P3 area, through which the PTO-pontine fiber course. Table 2 indicates cortical degeneration and tau inclusion burden according to clinical syndrome (bvFTD vs. CBS) and FTLD-tau subtype. Regardless of the FTLD-tau subtype, in general, bvFTD had higher frontal tau burden and degeneration scores, whereas CBS showed higher rolandic/ perirolandic tau burden and degeneration scores. Next, we sought to relate regional cortical degeneration and tau burden to brainstem axonal tau deposition. We assessed cortical degeneration with quantitative antemortem MRI and with semi-quantitative ratings of post-mortem histology. Cortical tau burden was also semi-quantitatively rated based on tau immunohistochemistry. When collapsed across relevant regions, antemortem and postmortem measures were strongly correlated, as expected (Table 3 ). Next, we examined the relationship between these cortical measures and the severity of axonal tauopathy within each brainstem subregion. Across all subjects (n = 28), M1 tau area fraction correlated with the frontal tau score (ρ = 0.435, p = 0.021) and the frontal neurodegeneration score (ρ = 0.556, p = 0.002), but showed only a trend toward a correlation with the frontal composite score (ρ = 0.339, p = 0.078) and MR atrophy (ρ = 0.354, p = 0.090) scores. Tau area fraction in M2 correlated with all perirolandic/rolandic neurodegeneration indices (tau score: ρ = 0.397, p = 0.037; neurodegeneration score: ρ = 0.493, p = 0.008; composite score: ρ = 0.529, p = 0.004) except the MR atrophy score, which showed a similar trend (MR atrophy score: ρ = 0.352, p = 0.092). Tau area fraction in M3 did not correlate with cortical neurodegeneration indices of the PTO areas, perhaps because limited M3 tauopathy was observed overall and only in some syndromes (tau score: ρ = − 0.198, p = 0.313; neurodegeneration score: ρ = 0.184, p = 0.348; composite score: ρ = 0.135, p = 0.495, MR atrophy score: ρ = 0.098, p = 0.650). In the pons (n = 39), findings followed a similar pattern, with tau in the P1 subregion correlating with the frontal tau score (ρ = 0.558, p < 0.001), the frontal neurodegeneration score (ρ = 0.507, p = 0.001), and atrophy score (ρ = 0.506, p = 0.003) and showing a trend toward correlation with the composite score (ρ = 0.313, p = 0.052). Tau area fraction in P2 correlated with composite scores (ρ = 0.340, p = 0.034). There were trends toward a correlation between tau in P2 and tau score (ρ = 0.297, p = 0.070) and neurodegeneration score (ρ = 0.284, p = 0.080) in perirolandic/rolandic regions. Again, tau area fraction in P3 did not correlate with cortical neurodegeneration indices in the PTO areas (tau score: ρ = -0.053, p = 0.748; neurodegeneration score: ρ = 0.197, p = 0.230; composite score: ρ = 0.203, p = 0.216, atrophic score: ρ = 0.165, p = 0.368) ( Table 4 ).
Midbrain and pontine tract axonal tau deposition correlates with ante-mortem MR atrophy and post-mortem cortical degeneration and tau inclusion burden
Relationship between axonal tau deposition in midbrain cerebral peduncle and caudal descending pontine fibers and pontine nuclei
Finally, we explored associations between tau deposition in midbrain cerebral peduncle and pontine fibers in 18 subjects for whom both midbrain and pons sections were available from the same hemisphere (Table 1 ). There were no significant differences between the tau ranks in the M1 and the P1 areas (Z = − 0.414; p = 0.679), or between the M2 and P2 areas (Z = − 1.111; p = 0.267), or between the M3 and P3 areas (Z = − 0.370; p = 0.711). Figure 5 shows the correlations between the six ROIs and suggests, as predicted by our model, that correlations are strongest within fiber groups known to receive efferent axons from the same cortical sources. Even the lowest correlations are nonetheless high, as might be expected, since regions in all three sectors are typically affected to some degree in each patient. The analyses presented above focused on axons descending from predictable cortical efferent sources. The findings suggest that tau spreads from proximal cortical neurons into distal portions of axons emanating from those neurons. These data do not, however, determine whether tau moves trans-synaptically from corticofugal neurons to the next neuron in the network. As a final step, we evaluated whether our human materials were consistent with this possibility. We found, in all forms of FTLD-tau we studied, that tau NCIs were frequent within neurons of the pontine nuclei and that, qualitatively, the proportion of NCIs was closely linked to the abundance of tau-positive axonal fibers quantified in the main analyses (Fig. 6 ).
Discussion
Transneuronal spreading has emerged as prominent framework for understanding tauopathy progression, but to date, little direct human evidence has addressed this concept. Here, we tested predictions made by the transneuronal spread hypothesis using post-mortem materials that allowed us to quantify pathological axonal tau within specific, topographically organized projection pathways. Consistent with a transneuronal framework, we found that syndrome-specific patterns of cortical tau deposition and neurodegeneration strongly predicted tau deposition in brainstem white matter pathways. These data provide novel and compelling human neuropathological evidence for axonal tau spreading, arguably the most direct evidence for this framework in humans to date.
Each histopathological subtype of FTLD-tau can manifest in anatomically diverse clinical syndromes. For example, the two sporadic primary tauopathies studied here, PiD and CBD, can each manifest as bvFTD or CBS but also nfvPPA, svPPA, and other FTD syndromes. According to the network degeneration principles put forth by our group [64] , the clinical syndrome reflects the anatomical locus or "epicenter" where tau aggregation begins. The connections of each patient's epicenter, in turn, influence where the tau will spread via the axonal pathways emanating from the epicenter. Evidence for this framework has come primarily from (1) network-based neuroimaging studies [21, 63, 72] , which have used the brain's healthy connectional architecture to predict spatial neurodegeneration patterns and (2) neuropathological staging efforts, which have been used in an attempt to infer a spatiotemporal progression by studying how regional tauopathy patterns differ across large groups of individuals, many with preclinical neuropathological lesions [4] [5] [6] [7] .
The transneuronal spread hypothesis has been tested in vivo using transgenic mouse models [45] . Direct injections of synthetic preformed tau fibrils, extracts from transgenic mouse brains, or human brain extracts from patients with tauopathy all induce tau aggregation and propagation from the injection site to even distant, neuroanatomically connected brain regions, most prominently in mice expressing mutant forms of tau [3, 12, 13, [28] [29] [30] . Likewise, focal expression of human P301L tau in mouse entorhinal cortex drives tau aggregate formation that spreads over time to the anatomically connected subiculum, dentate gyrus, and hippocampal CA1 and CA3 despite the absence of transgene expression within those regions, consistent with trans-synaptic spread [14, 36] . Despite these pioneering advances, the transgenic mouse models using heterologous promoters result in tau overexpression, creating some uncertainty regarding whether the mouse model findings can be confidently transferred back to patients with tauopathy [45] . Other models based in simpler organisms or cell-based assays likewise require human validation [11, 71] . The present study helps to address this critical issue in the field. A recent report based on a similar framework to ours examined tau deposition in the optic pathway, including the optic nerve, lateral geniculate nucleus (LGN), and occipital cortex [49] . The study included 47 patients with diverse tauopathies (AD, argyrophilic grain disease or "PSP-like" pathology with or without AD-related changes) and found that tau aggregation in the LGN correlated with tau in the occipital cortex and significantly correlated with Braak stage in patients with AD only. Because the majority of the patients in the study had AD, it is not surprising that tau pathological burden in any region would correlate with Braak stage or tau in occipital cortex, which is an area affected in Braak stage VI, and no regions outside the visual pathway were included for comparison. Optic nerve samples were examined only in eight subjects and tau immunoreactivity could not be rated or quantified, because it was so sparse in optic nerve and LGN. The present study, in contrast, used semiquantitative and quantitative methods and related axonal tau deposition to distinct cortical patterns using both between-group and within-subject analyses.
Corticospinal and corticopontine fibers make ideal anatomical pathways in which to test the tau-transneuronal spreading hypothesis, because their anatomical organization is relatively straightforward, even in humans. Previous studies of CBD presenting as CBS demonstrate selective degeneration of the corticospinal pathway (M2) in the cerebral peduncle [53] , but this study was performed long before tau was even identified as a major disease protein.
We focused the present study on PiD, CBD, and FTLDtau/MAPT, because they each show profound cortical and brainstem tauopathy and are widely hypothesized to begin in the cortex. We omitted patients with a pathological diagnosis of PSP, because cortical tau and atrophy can be sparse, even in patients with non-Richardson syndromes. Although patients with PSP presenting with non-Richardson syndromes show more cortical tauopathy than do patients with PSP-RS [16, 68] , these syndromes could still arise within the topographically organized subfields of the pallidum or subthalamic nucleus. At a minimum, the anatomical literature on these non-Richardson syndromes is still evolving, and we opted to focus on the tauopathies we deemed most straightforward to interpret. Formally studying subcorticalto-cortical spread in PSP represents an interesting potential topic for future research.
In the present study, we first investigated whether bvFTD and CBS would be associated with contrasting and predictable brainstem axonal tau deposition based on the primary locus of cortical neurodegeneration in frontal (bvFTD) vs. rolandic/perirolandic (CBS) cortices. These predictions were strongly supported by visual examination of the tissues (Fig. 1 ) and by our quantitative data from the midbrain cerebral peduncle. In the descending pontine fibers, patients with bvFTD showed conspicuous tau deposition in the P1 portion, as predicted, but, contrary to our expectations, in CBS, a P2-predominant tau pattern was not demonstrated quantitatively. There are several possible explanations for why pontine axonal tauopathy did not reflect our predictions in CBS. In the monkey, the basis pontis receives topographically organized projections with: (1) the prefrontopontine terminations located in the paramedian nucleus and medial parts of the peripeduncular nucleus in the rostral pons; (2) the motor and sensory corticopontine projections located in a central 'core', preferentially in the caudal half of the pons; and (3) the posterior parietal, superior temporal, parahippocampal, and parastriate projections placed more laterally [8, 58, 59, 61, 62] . Although topographical organization of the corticopontine pathways cannot be studied using axonal tracers in humans, lesion studies and neuroimaging research using diffusion tensor resonance magnetic imaging (DTI) have indicated that the human corticopontine projections are organized in a manner similar to that observed in the monkey [15, 25, 44, 57] . For example, one probabilistic DTI-based fiber tracking study found that prefrontopontine fibers preferentially terminate within the medial part of the pons, whereas temporooccipital fibers end in lateral and dorsolateral parts of the pons, and corticospinal and corticobulbar fibers were traced in the middle portion of the ventral pons [25] . Our selection of pontine fiber ROIs relied on data obtained in these studies and, additionally, was designed to reduce bias and promote reproducibility by evenly dividing the pontine base into three segments from medial to lateral. This approach was no doubt subject to potential misclassification of the pontine fibers, which could have contributed to our inability to detect a P2 tau-predominant pattern in CBS; on the other hand, pontine axonal tau deposition was mild across segments, potentially contributing to the lack of a clear signal at this level, which may have been somewhat rostral to where most motor and sensory corticopontine fibers terminate [62] . This study also failed to detect a correlation between the neurodegenerative indices in the PTO area and tau deposition in the midbrain M3 and pons P3 areas. The occipital cortex is typically spared from most neurodegenerative diseases, including PiD and CBD. Therefore, neurodegenerative indices of the PTO regions, because they evenly weighed parietal, temporal, or occipital regions, may not have accurately reflected the severity of neurodegeneration.
Several methodological limitations should be noted. First, the small number of subjects of the same clinical syndrome within each pathological group prevented us from investigating the interactions between clinical syndromes and underlying tauopathy. Distinct FTLD tauopathies may represent distinct strains [19, 55] , which could influence transneuronal spreading behavior. The overall hypothesis we sought to test, however, was that tau, regardless strain or species, would show similar, anatomically guided corticofugal spreading behavior, and our results support that hypothesis across three major primary tauopathies, increasing the generalizability of the findings. Second, we concede that although the ROI drawing was done by a single rater, the intra-rater reliability of the drawing procedure remains unquantified. The approach involved relatively few subjective decisions, however, because unbiased quantitative methods were used to divide the cerebral peduncle and pontine fibers into the three sectors used for hypothesis testing. Examiners prospectively rated neuropathological features blinded to study hypotheses, but the use of three examiners over an extended period raises the possibility of inter-rater inconsistency. Monthly consensus meetings are used to enhance cohesion in approach, as are periodic inter-rater reliability exercises, but we acknowledge the possibility of unmeasured inter-rater variation. Third, we acknowledge that there may be a minor contribution from non-axonal elements, such as astroglial and oligodendroglial processes [17] , to the white matter tau area fraction data quantified within the midbrain and pons. Inclusion of these elements, however, likely contributed no more than minor noise to the data set given the predominance of axonal tau within our ROIs (Fig. 2) . Finally, although the microscopy methods used here were sufficient to address the research questions, future studies could use more quantitative methods (for measuring cortical tau burden) or higher resolution microscopy (for assessing brainstem axonal tauopathy).
Summary
With the few exceptions noted, our overall findings fit together into a pattern that strongly supports the tautransneuronal spreading hypothesis in humans. This work has important implications for modeling disease progression in FTLD-tau and other forms of tauopathy, and we hope that the present framework can inform studies of other major molecular classes of neurodegenerative disease.
